Introduction
============

In a recent review by Alami and Messaoudi,[@cit1] palladacycles were characterized as among the "most powerful" pre-catalysts to highly reactive, mono-ligated forms of Pd(0).[@cit2] While they are stable, quite convenient, and broadly applicable, these features may not be sufficiently attractive for long term usage typically in the 1--5 mol% range. That is, not only is awareness of the endangered status of Pd gaining in appreciation, such reagents are also almost invariably used in environmentally egregious organic solvents and with limited levels of solvent and precious metal recycling.[@cit3] Put another way, and notwithstanding Nobel Prize-level recognition bestowed in 2010 on Pd-catalyzed Suzuki--Miyaura (SM) cross-coupling chemistry developed several decades earlier,[@cit4] such an approach to modern Pd-based catalysis as practiced today is both costly and not sustainable. Access to worldwide supplies, even under the best of geopolitical circumstances, is determined by current limits of technology that prevent access to metals that lie too deep within the Earth\'s surface.[@cit5]

One solution to this inevitable shortage calls for switching, in large measure, from a petroleum- to a water-based discipline,[@cit6] akin to the role of water as the reaction medium in nature, in general, and biocatalysis in particular.[@cit7] Along with this gradual transition comes myriad opportunities for developing new catalysts engineered to function both within an altered reaction medium and under newly unfolding rules for which analogies in organic solvent are non-existent.[@cit8] Palladacycles present one such opportunity where, under traditional conditions (*i.e.*, use in organic solvents), the focus has been on modifications that include, *e.g.*, the nature of the leaving group. Such design changes that feature steric and stereoelectronic effects, conformational biases, *etc.*, have little to do with palladacycle *solubility*. In an aqueous medium containing micellar-based nanoreactors,[@cit9] however, solubilization becomes a crucial parameter. Thus, one key to successful couplings in water involves influencing the binding constant of a reagent to the micellar inner core: the greater the incentive to enter the site of reaction, the more catalytic activity is to be expected and the lower the catalyst loadings. Hence, the question arises: could the appropriate substitution pattern on the biaryl skeleton within a palladacycle pre-catalyst enhance its micellar entry, and thereby reduce the required level of otherwise precious metal, and associated (oftentimes equally precious) ligand, in a cross-coupling reaction?

Substituted biarylamine-based palladacycles are currently unknown,[@cit10] since in organic solvent there is no reason to pursue such derivatization. In water, however, where new rules are operating,[@cit8b] the prospects for not only providing the convenience of palladacycles that lead to especially reactive catalysts as well as the potential for addressing the endangered nature of platinoids provides more than ample justification for investigating this non-traditional approach. In this report we describe such a newly adorned palladacycle pre-catalyst that, indeed, allows for a general and environmentally responsible process for SM couplings to be run, in most cases, in water under mild conditions and at the *300 ppm (0.03 mol%) level of Pd* ([Scheme 1](#sch1){ref-type="fig"}).

![Typical palladacycle **A***vs.* new palladacycle **B**.](c9sc02528f-s1){#sch1}

Results and discussion
======================

Several newly substituted palladacycles were prepared initially containing the ligand *rac*-HandaPhos[@cit11] (**P1**, **P4**, **P5**, **P6** and **P7**), the structures of which are shown in [Scheme 2](#sch2){ref-type="fig"}. These included either one or two lipophilic *t*-butyl residues (as in **P4** and **P5**, respectively), along with those bearing one (**P6**) or two isopropyl moieties (**P7**), as compared to the parent array (**P1**). Several additional ligands commonly used within palladacycles were also prepared and tested under identical conditions in the model reaction between bromide **1** and boronic acid **2** to arrive at biaryl **3**. Clearly, the most effective catalyst, by far, is the *diisopropyl-substituted* HandaPhos palladacycle, **P7**. Surprisingly, even the di-*t*-butyl analog, **P5**, was not as effective. What may also be found striking at first, but is perfectly in harmony with the "new rules" associated with this chemistry in water,[@cit8] are the results observed for catalysts **P9** and **P10**, where HandaPhos has been replaced by XPhos and SPhos, respectively. While both are excellent choices for SM couplings in traditional organic solvents (*e.g.*, toluene or dioxane),[@cit12] they are non-functional at 300 ppm in water. Likewise, other well-known ligands that make up catalysts **P11** and **P12** were not competitive under these conditions. Additional optimization studies regarding the choice of surfactant, base, as well as results using organic solvents are described in the associated ESI.[†](#fn1){ref-type="fn"}

![Comparison of reactivity of palladacycles (300 ppm Pd in water).](c9sc02528f-s2){#sch2}

Several examples of SM couplings were carried out using 300 ppm of catalyst **P7**, as summarized in [Table 1](#tab1){ref-type="table"}. While most cases were amenable to this very low loading of Pd, some could be conducted at levels even down to 25 (**4**) to 100 (**5**) ppm of **P7**. On the other hand, some cases (**10**, **12**, **13**, **18--21**,[@cit13] and **25**) required up to 500 ppm, possibly reflecting competition by the product for palladium. Both electron-donating and -releasing groups in the educt are tolerated. Heterocycles present in either the halide or boronic acid partner could be used. Partners with protecting groups are easily coupled (**20** and **21**). Polyaromatics such as **27** and **29** are easily fashioned. Alternatives to boronic acids, including Bpin, Molanderate BF~3~K salts,[@cit14] and MIDA boronates[@cit15] (see **22** and **23**) appear to be compatible partners as well. Double SM couplings using the corresponding precursor dibromides proceeded smoothly to give the anticipated products (**30**, **31**, and **32**), using what is, formally, *only 150 ppm of this Pd catalyst per bond formed.*

###### Substrate scope for couplings with ppm Pd pre-catalyst **P7** in water[^*a*^](#tab1fna){ref-type="fn"}

  ![](c9sc02528f-u1.jpg){#ugr1}
  -------------------------------
  ![](c9sc02528f-u2.jpg){#ugr2}

^*a*^Reaction conditions unless otherwise noted: 0.5 mmol aryl halide, 0.6 mmol aryl boronic acid, 1.0 mmol Et~3~N, 25--500 ppm **P7** stirred at 45 °C in TPGS-750-M/H~2~O (0.5 M); isolated yields are shown. Double SM couplings were carried out using 1.2 mmol of aryl boronic acid, 2.0 mmol of Et~3~N, and 10% THF as a co-solvent.

The importance of organic co-solvents has also been addressed, as these additives can play a dramatic role in scaling up reactions under micellar conditions.[@cit16] The co-solvent effect is responsible not only for increasing solubility of highly crystalline educts, but also enlarges micellar size, thereby expanding the interior volume available for reaction. The observed impact of three organic solvents used as 10 vol% in this aqueous surfactant system is shown in [Scheme 3](#sch3){ref-type="fig"} involving coupling partners **33** and **34**. Each solvent (THF, toluene, and acetone) was found to increase the rate of conversion. Analysis of the medium for 2 wt% TPGS-750-M/H~2~O *vs.* that with 10% THF by cryo-TEM ([Scheme 3](#sch3){ref-type="fig"}, bottom) revealed the enlargement of the former (*ca.* 50 nm) to *ca.* 200 nm due to the presence of THF, suggesting that larger nanoreactors may be responsible for enhancing the overall rates of these cross-couplings.

![Effect of co-solvent. Image (a) cryo-TEM of TPGS-750-M/H~2~O; image (b) cryo-TEM of 10% THF in TPGS-750-M/H~2~O.](c9sc02528f-s3){#sch3}

The potential use of less reactive aryl chlorides was briefly examined at the 500 ppm level of Pd catalysis (0.05 mol%). As the examples in [Table 2](#tab2){ref-type="table"} show, a variety of aromatic and heteroaromatic chlorides and boronic acids could be employed, arriving at the targeted biaryls in good isolated yields. Included in this study is the late stage derivatization of aryl chloride fenofibrate[@cit17] to analog **38**.

###### Couplings of aryl chlorides with aryl boronic acids[^*a*^](#tab2fna){ref-type="fn"}

  ![](c9sc02528f-u3.jpg){#ugr3}
  -------------------------------
  ![](c9sc02528f-u4.jpg){#ugr4}

^*a*^Reaction conditions unless otherwise mentioned: 0.5 mmol aryl chloride, 0.6 mmol arylboronic acid, 1.0 mmol Et~3~N, 500 ppm **P7** stirred at 45 °C in TPGS-750-M/H~2~O (0.5 M) with 10% THF; isolated yields are shown.

As an illustration of the opportunities to carry out multi-step processes given the commonality of reaction conditions (*i.e.*, in aqueous nanoreactors at rt-45 °C), the commonly used fungicide boscalid[@cit18] could be prepared in three steps using a 1-pot protocol ([Scheme 4](#sch4){ref-type="fig"}). Initially, biaryl **37** was constructed that, without isolation, was subjected to nitro group reduction using our previously described carbonyl iron powder.[@cit19] The resulting aniline was then treated directly with 2-chloronicotynyl chloride. The final product, boscalid, was ultimately isolated in 80% overall yield. The seemingly incompatible addition of this acid chloride to this aqueous medium, while counter-intuitive at first, is yet another example of the "new rules" associated with chemistry in water. Reagents and/or reaction partners that are sensitive albeit insoluble in water simply do not hydrolyze or quench; rather, upon stirring they enter the hydrophobic inner micellar core where they react, usually as desired.

![Boscalid: 3-step, 1-pot synthesis in water.](c9sc02528f-s4){#sch4}

A multi-gram scale reaction between educts **45** and **46** was run in water using Pd catalyst **P7** to document the prospects for scaling up these SM couplings ([Scheme 5](#sch5){ref-type="fig"}). Use of 24 mmol of **45** and 20 mmol of **46** in the presence of 40 mmol of Et~3~N were exposed to 300 ppm of **P7**. Stirring this heterogeneous mixture for 15 hours yielded 94% of the desired coupled product **47**. In this case, the reaction was quite efficient in the absence of a co-solvent. That is, stirring was not an issue throughout the 15 h reaction period (see images (a--c)) The product **47** could be isolated as a white solid (image (d)), purified by simple filtration through silica gel.

![Multigram scale reaction using ppm Pd in water.](c9sc02528f-s5){#sch5}

Biologically active targets, such as precursors to (a) Merck\'s anacetrapib (**48**),[@cit20] (b) sonidegib (**49**),[@cit20b] and (c) Novartis\' valsartan (**50**),[@cit20c] could also be prepared efficiently under mild conditions using 300--500 ppm of catalyst **P7** ([Table 3](#tab3){ref-type="table"}). Additional representative examples of biaryls (**51--53**) en route to anticancer drugs are also to be found in this table.[@cit21]

###### Synthesis of API-related building blocks[^*a*^](#tab3fna){ref-type="fn"}

  ![](c9sc02528f-u5.jpg){#ugr5}
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^*a*^Reaction conditions unless otherwise noted: 0.5 mmol aryl halide, 0.6 mmol arylboronic acid, 1.0 mmol Et~3~N, cat **P7** stirred at 45 °C in TPGS-750-M/H~2~O (0.5 M); isolated yields are shown.

^*b*^The corresponding iodide was used as coupling partner.

^*c*^The corresponding Bpin was used as the aryl boron compound.

^*d*^Reaction temperature was 55 °C.

Facile recycling of the aqueous TPGS-750-M solution is an important aspect to this environmentally responsible technology, leading to very low levels of aqueous waste streams.[@cit22] By contrast, recycling of organic media typically requires fractional distillation to separate reaction and workup solvents for re-use. [Scheme 6](#sch6){ref-type="fig"} illustrates just how effective a 2 wt% aqueous solution of TPGS-750-M can be, thereby dramatically minimizing aqueous waste streams. Recycling could be carried out using a different SM reaction with each of four recycles, following an initial coupling. Products were either separated *via* filtration or by decantation of the aqueous mixture; hence, individual extractions were not required prior to purification. cryo-TEM analysis of the aqueous mixture after five uses revealed that while the nanomicelles were of the same shape, they were unexpectedly larger (*ca.* 75 nm; [Scheme 6](#sch6){ref-type="fig"}).

![Image (a) cryo-TEM of fresh TPGS-750-M/H~2~O; image (b) TPGS-750-M/H~2~O after four cycles.](c9sc02528f-s6){#sch6}

From the perspective of the pharmaceutical industry, it is commonly assumed that under traditional SM cross-coupling conditions the amount of residual Pd in the product is going to be outside of the acceptable 10 ppm limit imposed by the US FDA.[@cit23] Hence, additional processing is usually anticipated, potentially adding time and expense to the eventual API. But use of such low levels of Pd catalysts rarely exceed this limit. With catalyst **P7** at the 300 and even 500 ppm loadings it was not surprising that, for the three cases randomly selected and examined by ICP-MS, no more than 6 ppm Pd was found for biaryls **12**, **24**, and **51** ([Fig. 1](#fig1){ref-type="fig"}). On the other hand, following traditional literature conditions used to make each of these biaryl products (*e.g.*, 2 mol%, or 20 000 ppm Pd), residual levels of Pd were found to be orders of magnitude greater.

![Residual Pd in products after couplings.](c9sc02528f-f1){#fig1}

Conclusions
===========

In summary, a new palladacycle has been uncovered that mediates Suzuki--Miyaura couplings in water at the 300 ppm level of precious metal. Key to this methodology is placement of an isopropyl group on each aromatic ring of the biaryl skeleton making up the palladacycle, a substitution pattern that could not have been predicted given the lack of precedent for such pre-catalysts. Likewise, screening of several monophosphines, including some of the most commonly used for such Pd-catalyzed cross-couplings, ultimately identifying HandaPhos as the preferred ligand (*i.e.*, **P7**), requires further study to rationalize the effectiveness of this novel ligand/palladacycle precursor combination. Applications to various targets within the pharma, agro, and materials domains have been demonstrated, along with the potential for large scale use, recycling of the aqueous reaction medium, and tandem 1-pot processes. The nature of the nanomicelles involved has been determined *via* cryo-TEM measurements, both initially as well as after use in the presence of added co-solvent. Residual levels of Pd in the products formed have been shown to be well within governmental limits for safety, further enhancing the attractiveness of this technology. The prognosis for use of the same pre-catalyst for other types of Pd-catalyzed cross-couplings (*e.g.*, Stille, Sonogashira, and Heck couplings) looks encouraging, with the results from these ongoing studies to be reported in due course.
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